[1] Although the low-order present stress field of most continents is fairly well established, information on paleostress fields is generally sparse. Knowledge of paleostresses is crucial for understanding brittle tectonic reactivation through time. The Indian-Australian plate lends itself well to a reconstruction of paleostresses, as it has undergone enormous changes in plate-driving forces through the Tertiary, and there is a rich record of fault reactivation from sedimentary basins. We reconstruct the plate boundary configuration and age-area distribution of ocean crust around Australia through time to obtain estimates for ridge push, slab pull, and collisional forces acting on the Indian-Australian plate since the Eocene. Other model parameters we explore are the effects of the Australian-Antarctic discordance and the mechanical strength of the Australian continental margin. We apply these constraints to model the orientation of the maximum horizontal compressive stress (S Hmax ) regime for the present, early Miocene, and early Eocene using the commercial software ABAQUS 2 along with the optimization software Nimrod/O. We use an elastic two-dimensional plane stress finite element model with a resolution of $0.2°in both longitude and latitude. Realistic elastic parameters representing different rock types and geologic provinces for the Australian continent have been included to model the stress field of a heterogeneous plate. We show that spatially significant rotations of S Hmax directions can be modeled as a consequence of perturbations of S Hmax in areas of juxtaposed rigid and compliant rheologies. The absence of the collisional Papua New Guinea boundary in the Miocene and reduced ridge push force from the south result in stress directions considerably different from the present. Stress directions over the northern Australian continent in the early Miocene in particular show large disparity with present stress directions. Stress orientations for the Australian plate during the early Eocene are controlled predominantly by ridge push forces arising from spreading in the Wharton Basin in the Indian Ocean and vary substantially with stress directions in the early Miocene and the present because of the drastically different plate geometry and boundary configurations. Fault reactivation histories observed on the northwest shelf of Australia and in the Bass Strait region are consistent with modeled changes in stress directions through time.
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Introduction
[2] While modeling of the contemporary maximum horizontal compressive stress (S Hmax ) regime is useful for improving our understanding of the driving forces of plate tectonics as well as for the planning of deviated drilling during hydrocarbon production, information concerning paleostress regimes allows for the creation of predictive frameworks for fault reactivation. This is relevant in particular to Australia since virtually all of Australia's petroleum resources occur in structural or structural/stratigraphic traps formed by reactivation of basin-forming or basement structures [Etheridge et al., 1991] .
[3] Compilation of stress data under the auspices of the World Stress Map project in the early 1980s showed that S Hmax orientations over most continental areas paralleled the direction of absolute plate motion, leading to the postulate that S Hmax orientations are the product of dominant platedriving forces acting along plate boundaries [Zoback, 1992] . Orientations of S Hmax over the Indian-Australian plate, however, have been found to be more complex and do not parallel the NNE motion of the plate, indicating that the spatially varying mechanical ''strength'' of the plate may play an important role. Regarding terminology, note that the use of the words ''strength,'' ''strong,'' or ''weak,'' etc., within this paper refer to relative stiffness or deformability within the elastic regime (as governed by Young's modulus and Poisson's ratio), as opposed to some measure of the stresses or stress differences that result in an onset of inelasticity. As we are constrained to (linearly) elastic behavior, we have no consideration for any departure from that rheology.
[4] Previous studies modeling the contemporary stress regime of the Indian-Australian plate have used a homogeneous elastic plate [Cloetingh and Wortel, 1986; Coblentz et al., 1998; Hillis et al., 1999; Reynolds et al., 2002; Sandiford et al., 1995] . This represents an oversimplification of the mechanical properties of the Indian-Australian plate. Zuber et al. [1989] and Simons and van der Hilst [2002] have demonstrated the existence of provinces within the Australian continent with differing rigidity. Since S Hmax orientation and magnitude are affected by mechanical properties, the adoption of a homogeneous plate to model the contemporary stress regime of the Indian-Australian plate imposes an inherent limitation on the method. We have implemented more realistic elastic parameters for the Australian continent in our modeling process by incorporating material heterogeneities within the plate.
[5] We reconstruct the plate boundary configuration and age-area distribution of ocean crust around Australia through time to obtain estimates for ridge push, slab pull, and collisional forces acting on the Indian-Australian plate since the Eocene. Using these plate reconstructions, the paleostress regime of the Australian Plate is modeled for periods in the Eocene (55 Ma) and early Miocene (20 Ma). Results of models agree closely with tectonic reactivation records of the NW Australian shelf and the Bass Strait region. The results of this study provide a good foundation for creation of predictive frameworks for fault reactivation.
Modeling Method
[6] Modeling of the stress regime of the Indian-Australian plate was carried out using a two-dimensional elastic finite element model using ABAQUS TM in conjunction with the distributed optimization software Nimrod/O. Implementing ABAQUS TM in conjunction with Nimrod/O allowed for extensive exploration of parameter space through automated execution of thousands of models using intelligent optimization techniques [Abramson et al., 2000; Lewis et al., 2003] . The model consists of 24,400 plane stress elements allowing for a spatial resolution of $0.2°in both latitude and longitude. Forces applied to the contemporaneous model such as ridge push, slab pull, and compressive boundary forces were similar to those of previous studies [Coblentz et al., 1998; Reynolds et al., 2002] . Forces for the paleostress models are estimated by reconstructing the Figure 1 . Australian stress provinces as defined by Reynolds et al. [2002] showing average maximum horizontal compressive stress orientation (solid lines marked with a circle).
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DYKSTERHUIS ET AL.: AUSTRALIAN PALEOSTRESS EVOLUTION paleoplate boundary configurations and the age-area distribution of the ocean floor using the plate reconstructions of Heine et al. [2004] . Forces applied to the models are averaged over a lithosphere of 100 km thickness. Using the Nimrod/O optimization software, material parameters and forces applied to the contemporary model were varied over prescribed ranges during thousands of model runs and were optimized for the best fit between modeled stress orientations and average measured stress orientations contained in the Australian Stress Map database [Hillis and Reynolds, 2000] . In order to calculate the residual misfit, modeled S Hmax orientations were averaged over a small (2°by 2°) window whose center corresponded to the location of an average S Hmax orientation as determined by Reynolds et al. [2002] for various regions over the Australian continent and continental shelf (Figure 1 ). The difference between azimuths of the average modeled and average measured S Hmax orientations then determined the residual misfit.
[7] Up to now most approaches for modeling IndianAustralian intraplate stress orientations have been based on applying forces to homogeneous elastic plates [Coblentz et al., , 1998 Hillis et al., 1999; Reynolds et al., 2002] . While these studies model the first-order pattern of stress over the Australian continent well, more recently, Zhao and Müller [2003] studied the second-order effects of homogeneous material properties on the stress field of eastern Australia, determining through inverse analysis that inclusion of realistic material properties improves the regional fit between modeled and measured S Hmax orientations. Here we include realistic elastic parameters representing different rock types and geologic provinces for the Australian continent to model the stress field of a heterogeneous plate. These are based on effective elastic plate thicknesses from coherence analysis of gravity and topographic data [Simons et al., 2000; Zuber et al., 1989] as well as on shear wave analysis [Kennett, 1997; Simons et al., 1999] and the known surface geology. Values of rigidity obtained by Simons et al. [2000] varied relative to those obtained by Zuber et al. [1989] by up to a factor of 2. This suggests that there are large uncertainties in the estimated effective elastic thickness and the flexural rigidity for the tectonic blocks in Australia, depending on the method used. In this study, we are mainly concerned with the relative values of rigidity Table 1. among the tectonic blocks; therefore uncertainties in the absolute values of the flexural rigidity will not affect our results in terms of stress orientations. However, as a result, only relative rigidities can be inferred from optimized model material parameters.
[8] The Australian continent has been subdivided into four categories (cratons, fold belts, basins, and continental shelf) in the modeling process based on the differing elastic property values of the continent as determined by Zuber et al. [1989] . Figure 2 shows the Australian continent, illustrating these areas. Zuber et al. [1989] determined areas in the west and north of the Australian continent to be relatively rigid because of the older cratonic provinces, while they determined that the eastern highlands of the continent were relatively weak. The remainder of the Australian continent ( Figure 2 , white areas) is treated as sedimentary basin in this study, which is classified as generally stronger than the fold belts and weaker than the cratonic provinces. Results from seismic wave analysis of the Australian continent [Kennett, 1997; Simons et al., 1999] support the findings of Zuber et al. [1989] and further indicate the existence of a relatively weak zone located in central eastern Australia (labeled CB in Figure 2 ). The existence of a weak zone in this area is also supported by heat flow data [McLaren et al., 2003] . The relative strengths of the provinces were implemented by altering the Young's moduli of the materials. Relative values for the Young's moduli (Table 1) of the different materials were calculated on the basis of a ratio to the highest rigidity as determined by Zuber et al. [1989] . See Dyksterhuis et al. [2005] for further review of modeling methods developed here.
Contemporary Model Results
[9] The stress orientations of the Indian-Australian plate have been modeled using two approaches, one using a homogeneous plate and another using a heterogeneous Australian continent in order to evaluate the effects heterogeneous mechanical properties have on the S Hmax field. Forces applied to the contemporary models are shown in Figure 3 with magnitudes listed in Table 2 .
Homogeneous Model
[10] Modeled contemporary S Hmax orientations using a homogeneous plate can be seen in Figure 4 . (See also auxiliary Figure S1 .
1 Color versions of all model results showing S Hmax directions and magnitude contours can be found in the auxiliary material.) The overall stress pattern is controlled by push from the mid-ocean ridge (MOR) along the southern margin of the Indian-Australian plate and collision at the northern boundary at the Himalayas and Papua New Guinea (PNG), as concluded by previous studies Hillis et al., 1997; Reynolds et al., 2002] . Collision at PNG and the Himalayas produces a focusing of the stress field at the boundaries, resulting in a general north to NE S Hmax trend along the north and northwest of the Australian continent and continental margin. Stress orientations compare moderately well with the observed mean stress orientations and are similar to results obtained in previous studies [Coblentz et al., 1998; Reynolds et al., 2002] , indicating that a homogeneous model might reflect first-order stress regimes well. Predicted stress orientations over NW and SE Australia all agree with observed stress orientations; however, the fit of the modeled S Hmax trend is less adequate over the rest of the Australian continent. For example, the rapid rotation of the stress orientation between the Amadeus and Cooper basins is not reproduced well by the homogeneous model. The value of total residual misfit between the stress orientations in the homogeneous model was one of the highest obtained Refined values from stress modeling. Scaling factor is determined by the ratio of the province's value of flexural rigidity with the highest value for flexural rigidity determined by Zuber et al. [1989] .
( Table 3 ), indicating that using homogeneous material properties is an oversimplification of the model.
Heterogeneous Model 3.2.1. Varying Strength Around Australia's Continental Shelf
[11] Values for the relative strength of provinces within the Australian continent are largely based on Zuber et al. [1989] . The strength of the Australian continental shelf, however, remains relatively unconstrained. The orientation of stress directions over areas of the Australian continental shelf interior depends on the elastic parameters of the continental shelf. We compared two approaches for assigning flexural strength to the Australian continental shelves. The first was to assume that stretched continental crust thermally reheated in the late Mesozoic/Cenozoic has remained mechanically weak since breakup, following the suggestion by Fowler and McKenzie [1989] that thinned continental crust does not thermally ''recover'' as oceanic lithosphere does, mainly because of differences in petrology. This produced a model with large residual misfit and poor correlation with observed stress data ( Table 3 ). The second approach was to assume that the elastic strength of the continental shelf has grown equivalent to aging oceanic lithosphere [Karner et al., 1983] . The estimation of the relative strength of the continental shelves using stress orientations represents a novel approach for constraining the relative strength of continental shelf segments. Figure 5 (see also auxiliary Figure S2 ) shows modeled stress directions using a relatively weak homogeneous continental shelf with a small Young's modulus of 1 Â 10 8 N/m. Stress amplitudes over the Australian continent are much lower for a model with a relatively weak continental shelf. S Hmax orientations over the Australian NW shelf do not correlate well with observed stress orientations for a model with such a weak continental margin.
[12] In order to model a continental margin of varying strength the shelf was divided into three segments roughly partitioning the continental margin into regions with differing ages of last thermal reheating (Figure 2 ). The northwest Table 2. B05102 DYKSTERHUIS ET AL.: AUSTRALIAN PALEOSTRESS EVOLUTION continental shelf (region marked CS-NW in Figure 2 ) has the oldest age of thermal reactivation, at about 130-155 Ma [Müller et al., 2000] . The region to the south (marked CS-S in Figure 2 ) was last reheated in the late Cretaceous (from $95 Ma in the Great Australian Bight to 60 Ma south of Tasmania) while the eastern continental margin (marked CS-E in Figure 2 ) was last reheated during Tasman Sea rifting and breakup in the Late Cretaceous (90 Ma in the south Tasman Sea to $60 Ma in the Coral Sea) [Müller et al., 2000] . Values for the strength of the individual regions were prescribed an effective Young's modulus range of 1 Â 10 8 to 1 Â 10 10 N/m 2 . Final material property values (Table 2) in the model were determined by minimizing the residual misfit with measured average stress orientations through extensive exploration of parameter space using Nimrod/O.
''Best Fit'' Model
[13] Results for the ''best fit'' model obtained after thousands of model runs using a heterogeneous plate with varying continental material properties are shown in Figure 6 (see also auxiliary Figure S3 ) with material properties listed in Table 1 . Stress directions over the western and northwestern Australian continent correlate well with observed S Hmax orientations (Table 3 and Figure 6 ). Modeled results show an average residual misfit of roughly 8.2°over the entire western and northwestern Australian continent and continental shelf.
[14] S Hmax trends in the south of the Australian continent are not adequately explained solely as a result of the rotation of the S Hmax trend due to the collisional boundaries at PNG and the Himalayas. Data measured over the southwest and southeast of the Australian continent all display a general E-W compressional trend . This seems counterintuitive given the fact that a MOR system is located south of the area, providing a large force in a northerly direction. Indeed, the ridge push force is the dominant platedriving force, and so it might be expected to see this represented in the S Hmax orientation data with N-S trending compression. Hillis et al. [1997] and Reynolds et al. [2002] attribute the E-W compression to the rotation of the stress field between the Himalayas and PNG. Results of this study indicate that the S Hmax direction does have a general N-S trend over the southern Australian continent and that the observed E-W compression is due to perturbations of the S Hmax direction around areas with relative differences in elastic parameters.
[15] The spatially rapid rotation of the S Hmax direction between the Amadeus and Cooper basins has previously represented a problem in modeling the Indian-Australian plate stress field [Coblentz et al., , 1998 Reynolds et al., 2002 ]. Here we demonstrate that spatially rapid stress rotations such as those between the Amadeus and Cooper basins are caused principally by the heterogeneity of the model and the juxtaposition of strong and weak materials. The fit of modeled stress orientations in the Amadeus and Cooper basins in our model is good, with residual misfits of 9.2°and 3.6°in the Amadeus and Cooper basins, respectively.
[16] Stress measurements taken predominantly in the Gippsland and Otway basins indicate a NW-SE trend in the S Hmax direction in the southeastern margin of Australia. Results of this study model the NW-SE trend over the Gippsland and Otway basins well ( Figure 6 and Table 3) , with residual misfits of 0.75°and 7.0°in the Gippsland and Otway regions, respectively. Fit between modeled and measured stress orientations in the Sydney basin region is poor; however, stress data in this area are not regarded as high quality [Hillis and Reynolds, 2000] , and so the relatively poor fit of modeled stress directions is not regarded as significant.
[17] Measured stress orientations from the Bowen Basin over the northeast of Australia show a north-northeast trend, which is not reflected in the modeled S Hmax orientations. Modeled S Hmax has very low amplitude over NE Australian and the Bowen Basin, indicating that local sources of stress may play a dominant role in determining orientation of S Hmax directions in this region [Zoback, 1992] .
Australian-Antarctic Discordance
[18] The Australian-Antarctic discordance (AAD) is an area of the southeast Indian Ridge system south of the Great Australian Bight between 120°and 128°E and is characterized by bathymetry 800 m deeper than the surrounding spreading ridge [Gurnis et al., 1998 ]. The origin of the AAD is believed to be thinner crust at the AAD and downward convecting mantle in the area of the AAD [Gurnis et al., 1998 ]. The relatively lower elevation of the oceanic crust at the AAD compared to the surrounding ridge results in a smaller ridge push force from the area of the AAD. The exact difference in the ridge push force arising from the AAD is not well constrained since factors effecting the potential ridge push force from the AAD do not merely rely on the elevation of the ridge but also on the chemistry of the underlying mantle [Gurnis et al., 1998 ]. The AAD has been modeled here in the ''best fit'' model as contributing only two thirds the force of the surrounding ridge system (see Table 2 ). Excluding the effects of the AAD results in a poorer fit with observed stress patterns ( Figure 7 and Table 3 and see also auxiliary Figure S4 ). While the ''best fit'' solution is not unique, this result demonstrates that the inclusion/omission of the AAD does play a role in the stress pattern of the Australian continent.
Paleomodel Results
[19] The orientation of the maximum horizontal compressive paleostress regime (PS Hmax ) of the Indian-Australian plate has been modeled for the geologic past at the Miocene (20 Ma) and the early Eocene (55 Ma). Plate geometries for the paleostress models were created using the plate reconstructions of Heine et al. [2004] . All values for material properties were held constant with values used in and obtained from contemporary stress analysis. Forces applied along plate subduction boundaries were based on results obtained from modeling the contemporary stress regime. The results of this study indicate that over geologic timescales the orientation and magnitude of S Hmax can change quite dramatically depending on the plate geography and forces acting on the plate.
Miocene
[20] The shape of the Indian-Australian plate in the early Miocene was not dramatically different from its present Figure 8) ; however, the forces acting along the boundaries of the Indian-Australian plate were significantly different. Figure 8 illustrates the forces applied to the Miocene model, while force magnitudes are listed in Table 2 . Docking of the Australian plate with the OntongJava plateau had begun in the early Miocene [Hall, 2002] ; however, collision with PNG had not yet been initiated. Instead, the Australian plate was subducting beneath the Caroline plate [Hall, 2002] . Forces along the plate boundary at New Zealand were similar to those at present with the inception of the Alpine Fault occurring at 23 Ma [Kamp, 1986] .
[21] Removal of the collisional PNG boundary to the north of the Australian continent in the Miocene produces a dramatically different stress regime from the present regime ( Figure 9 and auxiliary Figure S5 ). S Hmax orientations are more uniform with less spatially rapid variation. A general NW-SE S Hmax orientation is evident over the Australian continent during the Miocene, whereas at present, there exists a general NE-SW trend over northern Australia with S Hmax orientations over the southern and central continent displaying more variation. Orientations of S Hmax along the NW shelf and Bass Strait region in particular show large differences in stress orientation during the Miocene compared to the present. Stress directions over the NW shelf have changed from a NW-SE orientation in the early Miocene to a general NE-SW at present, while stress orientations in the Bass Strait region have rotated from a [22] In the early Eocene (55 Ma) the boundary configuration of the Australian plate was dramatically different from that of the present (Figure 10 ). By the early Eocene, spreading between the Australian and Antarctic continents had initiated in the Late Cretaceous along the western portion of the southern margin [Müller et al., 2000; Stagg et al., 1999] while the southeastern Australian margin remained attached to the Antarctic continent [Norvick et al., 2001] . Spreading to the west of the Australian continent had produced quite large ocean basins by the Eocene, and ridge push from the western ocean basins and the southwestern Australian plate margin represented the major driving forces acting on the plate during the Eocene. Little is known about the northern boundary of the Australian plate during the early Eocene. Hall [2002] has suggested that there likely existed a subduction zone with the Australian plate subducting under the Philippine plate. The exact location of the boundary is uncertain because of the indefinite location of the Philippine plate in the early Eocene. This study adopts the plate arrangement of Heine et al. [2004] for the northern margin of the Australian plate. The forces acting on the northern boundary are modeled on the basis of the results obtained from modeling of the contemporary stress regime and are listed in Table 2 .
Early Eocene
[23] Results from this study indicate that the western and southern MOR systems played a dominant role in controlling the first-order stress patterns over the Australian plate during the early Eocene (Figure 11 and auxiliary Figure S6 ). Forces acting along the north and northeastern boundaries of the Australian plate have a second-order effect on the stress regime of the plate and the Australian continent. PS Hmax orientations in the western plate are oriented in a NW-SE direction, normal to the strike of the Indian MOR. Stress orientations over the NW shelf of Australia during the Eocene display similar trends to the orientations in the Miocene and are oriented roughly normal to contemporaneous orientations. Areas of the Australian continent experience a tensional horizontal stress regime in the Eocene, Figure 8 . Reconstruction of the Indian-Australian plate for the early Miocene (20 Ma) showing agearea distribution of the oceanic lithosphere and forces applied to the Miocene model. HYM, Himalayas (fixed boundary); SUM, Sumatra Trench; JAVA, Java Trench; CA, Caroline plate subduction zone; OJP, Ontong-Java plateau; TS, Tasman Sea; NZ, New Zealand; SNZ, southern New Zealand Alps; AAD, Australian-Antarctic discordance; and SW-MOR and SE-MOR, southwest and southeast mid-ocean ridges, respectively. Force magnitudes are listed in Table 2. with very little tensional stress seen in the Miocene and none existing presently.
Discussion
[24] Reactivation of coast-paralleling extensional basinforming faults on the Carnarvon Terrace occurred during the Miocene [Baillie and Jacobson, 1995; Müller et al., 2002] with migration of hydrocarbons also taking place at this time [Crostella and Boreham, 2000] . This is consistent with the results of this study which show S Hmax directions over the Carnarvon Terrace remaining oblique to the coastline since the Eocene with highest S Hmax obliquity and magnitude occurring in the Miocene (see auxiliary Figures S3, S5 , and S6), indicating that reactivation in the Carnarvon Terrace would most likely have occurred in the early Miocene on the basis of modeled stress orientations and magnitudes.
[25] Reactivation of faults along the NW Australian margin occurred in the Timor Sea region during the middle to late Miocene [Keep et al., 2002; Struckmeyer et al., 1998 ]. The main structural fabric of the NW Australian shelf is composed of generally NE-SW oriented faults [Keep et al., 2002] , with S Hmax directions oriented normal to this fabric from the Eocene to the present. Amplitudes of S Hmax in the Timor Sea region increase dramatically between the Eocene and Miocene (from roughly 2 Mpa in the Eocene to roughly 15 Mpa in the Miocene) with little increase between the Miocene and the present (see auxiliary Figures S3, S5 , and S6 for clearer illustration). This result indicates that structural inversion was most likely to occur between the Miocene and the present, agreeing with the faulting history of the region.
[26] Inversion in the Torquay Embayment and Otway ranges of the Bass Strait region occurred in the late Miocene because of compressional reactivation of numerous NE striking extensional faults [Hill et al., 1995] . Modeled stress results show obliquity of S Hmax directions increasing relative to fault fabric orientation from the Miocene to the present, from WNW in the Miocene to NW-SE at present. Highest S Hmax magnitudes occur in the early Miocene, indicating that compressional inversion in the Torquay Embayment and Otway ranges would most likely have occurred in the Miocene.
Conclusions
[27] Modeling of the S Hmax regime for the Australian plate has been carried out here for the present, early Miocene, and Eocene using the commercial finite element code ABAQUS TM in conjunction with the optimization software Nimrod/O. A model with $24,400 plane stress elements has been used, allowing for a resolution of 0.2°in both longitude and latitude. In general, ''best fit'' modeled contemporary S Hmax directions agree closely with measured average contemporary stress orientations contained in the Table 2 .
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Australian Stress Map database with residual mismatch between measured and modeled average stress orientations being smaller for models with realistic mechanical parameters. Spatially rapid rotation of S Hmax orientation is also demonstrated as a consequence of stress perturbations in areas of juxtaposed materials with relatively strong and weak rheologies.
[28] Orientations of modeled S Hmax regimes for the early Miocene and Eocene vary dramatically with the contemporaneous S Hmax regime because of the different boundary conditions acting on the Indian-Australian and Australian plates at these times. Some areas of the model, such as the western and northwestern Australian margin, show 90°r otations in the orientation of S Hmax directions between the Eocene and the present. The results of this work are consistent with fault reactivation histories on the Carnarvon Terrace, on the NW Australian shelf, and in the Bass Strait region and provide a foundation to develop a predictive framework for fault reactivation over the Indian-Australian plate since the Eocene. 
